Improvement of a biomechanical telemetry system hardware platform by Kwon, Soon Ho
Purdue University
Purdue e-Pubs
Open Access Theses Theses and Dissertations
12-2016




Follow this and additional works at: https://docs.lib.purdue.edu/open_access_theses
Part of the Computer Engineering Commons, and the Electrical and Computer Engineering
Commons
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Recommended Citation
Kwon, Soon Ho, "Improvement of a biomechanical telemetry system hardware platform" (2016). Open Access Theses. 866.
https://docs.lib.purdue.edu/open_access_theses/866
IMPROVEMENT OF A BIOMECHANICAL TELEMETRY SYSTEM 
HARDWARE PLATFORM 
by 
Soon Ho Kwon 
 
A Thesis 
Submitted to the Faculty of Purdue University 
In Partial Fulfillment of the Requirements for the degree of 
 
Master of Science in Electrical and Computer Engineering 
 
School of Electrical and Computer Engineering 





THE PURDUE UNIVERSITY GRADUATE SCHOOL 
STATEMENT OF THESIS APPROVAL 
Dr. Thomas M. Talavage 
School of Electrical and Computer Engineering 
Dr. Eric A. Nauman 
School of Mechanical Engineering 
Dr. David J. Love 





Dr. Venkataramanan Balakrishnan 
Head of the Departmental Graduate Program 
iii 
 
This thesis is dedicated to my family, whose unconditional love and support has guided 





   I would like to express my special appreciation to those who have helped me towards my 
accomplishments.  
   Foremost, I want to express my sincere gratitude to my advisor professor Dr. Thomas M. 
Talavage for his excellent guidance. I would also like to thank my thesis committee 
members, Dr. Eric A. Nauman and Dr. David J. Love for reviewing and providing 
insightful comments on my work. 
   Thanks to all the PNG members for providing comments on my thesis. In particular, I 
would like to thank Goutham Sankaran for helping PNG system’s data collection and 
calculation. I would also like to thank Laura Hahn by taking excellent care of ordering 
components.  
   I would like to thank my labmate/friend Hyungsuk Kim for working together on this 
project and making electrical and computer engineering enjoyable.  
   Special thanks to Heeyun Cha who made me feel peaceful with consistent support and 
love.  
   Lastly, I would like to thank my parents: my father for reviewing my work and guiding 
me as a better person and as an engineer, and my mother who supported me with 





 TABLE OF CONTENTS 
TABLE OF CONTENTS .................................................................................................... v 
LIST OF TABLES ............................................................................................................ vii 
LIST OF FIGURES ......................................................................................................... viii 
ABSTRACT ........................................................................................................................ x 
CHAPTER 1. INTRODUCTION .................................................................................... 1 
CHAPTER 2. CURRENT SENSOR DESIGN ................................................................ 6 
2.1 PNG’s 6th Impact Telemetry System ......................................................................... 6 
2.1.1 PNG’s 6th impact telemetry system’s main board ........................................... 6 
2.1.2 PNG’s 6th impact telemetry system’s side board ............................................. 8 
2.2 PNG’s 7th Impact Telemetry System ......................................................................... 9 
CHAPTER 3. UPDATED SENSOR DESIGN – V08 ................................................... 10 
3.1 Hardware Configuration of a New Biomechanical Telemetry System ................... 10 
3.1.1 Gyroscope ...................................................................................................... 10 
3.1.2 Wireless transceiver ....................................................................................... 10 
3.1.3 Battery ............................................................................................................ 11 
3.1.4 Microcontroller .............................................................................................. 12 
3.1.5 Accelerometer ................................................................................................ 13 
3.1.6 Voltage regulator ........................................................................................... 14 
3.1.7 Side board ...................................................................................................... 14 
3.1.8 Board to board connector ............................................................................... 15 
3.1.9 JTAG connector and debugger ...................................................................... 15 
3.2 PCB Design of a New Biomechanical Telemetry System ...................................... 16 
3.2.1 Specification of PCB design .......................................................................... 16 
3.3 PCB Design of PNG’s 8th Impact Telemetry System ............................................. 18 
CHAPTER 4. TELEMETRY SYSTEM TESTING ...................................................... 20 
4.1 Head Impact Telemetry System Testing ................................................................. 20 
4.1.1 Testing equipment ......................................................................................... 21 
4.1.2 BTE_HITS_V08 testing ................................................................................ 23 
4.1.3 BTE_HITS_V08 testing using drop tower with helmet ................................ 25 
vi 
 
4.2 Head Impact Telemetry System Evaluation ............................................................ 26 
4.2.1 BTE_HITS_V08 testing using HYBRID III headform without helmet ........ 27 
4.2.2 BTE_HITS_V08 testing using HYBRID III headform with helmet ............. 28 
4.2.3 BTE_HITS_V08 testing using drop tower with helmet ................................ 30 
CHAPTER 5. DISCUSSION AND CONCLUSION ..................................................... 32 
5.1 Hardware Configuration of a New Biomechanical Telemetry System ................... 32 
5.1.1 Power consumption analysis.......................................................................... 32 
5.1.2 Cost analysis .................................................................................................. 32 
5.2 Summary ................................................................................................................. 36 
5.3 Future Work ............................................................................................................ 37 
APPENDIX ....................................................................................................................... 38 






















LIST OF TABLES 
Table 5.1 Power consumption analysis of BTE_HITS_V07 ............................................ 33 
Table 5.2 Power consumption analysis of BTE_HITS_V08 ............................................ 34 
Table 5.3 Cost analysis of BTE_HITS_V07..................................................................... 35 




























LIST OF FIGURES 
Figure 2.1 BTE_HITS_V06 main board’s main subsystems.............................................. 8 
Figure 2.2 BTE_HITS_V07 main board’s new gyroscope subsystem ............................... 9 
Figure 3.1 Base station of BTE_HITS_V08 ..................................................................... 11 
Figure 3.2 Comparison between 3.7V lithium battery and 3V coin cell battery .............. 12 
Figure 3.3 Comparison between MSP430F5659 (left) and PIC16LF1567 (right) ........... 13 
Figure 3.4 Main and side board of BTE_HITS_V08 ........................................................ 15 
Figure 3.5 BTE_HITS_V08 – main board ........................................................................ 17 
Figure 3.6 BTE_HITS_V07 – side board ......................................................................... 17 
Figure 3.7 PCB dimension of BTE_HITS_V07 in mm .................................................... 18 
Figure 3.8 PCB dimension of BTE_HITS_V08 in mm .................................................... 18 
Figure 3.9 Comparison between BTE_HITS_V08 and BTE_HITS_V07 ........................ 19 
Figure 4.1 Impulse hammer and HYBRID III headform .................................................. 22 
Figure 4.2 Correlation between HYBRID III and impulse hammer ................................. 22 
Figure 4.3 Attachment of BTE_HITS_V08 to HYBRID III headform ............................ 24 
Figure 4.4 BTE_HITS_V08 packaging and HYBRID III headform impulse hammer test   
with helmet on................................................................................................................... 25 
Figure 4.5 Drop tower frame attached to the dummy head with helmet on ..................... 26 
Figure 4.6 PTA (g) comparison between HYBRID III headform and BTE_HITS_V08 
without helmet .................................................................................................................. 28 
Figure 4.7 PTA (g) comparison between HYBRID III headform and BTE_HITS_V08 
with helmet........................................................................................................................ 30 
Figure 4.8 BTE_HITS_V08 PTA (g) comparison between 10 drops ............................... 31 
 
Appendix Figure 1 Microcontroller and JTAG connection of BTE_HITS_V07 ............. 38 
Appendix Figure 2 Power and storage device connections in BTE_HITS_V07 .............. 39 
Appendix Figure 3 Power, accelerometer and gyroscope connections in BTE_HITS_V07
........................................................................................................................................... 40 
Appendix Figure 4 Wireless module connections in BTE_HITS_V07 ............................ 41 
Appendix Figure 5 BTE_HITS_V07 main PCB top layer copper ................................... 42 
ix 
 
Appendix Figure 6 BTE_HITS_V07 main PCB bottom layer copper ............................. 42 
Appendix Figure 7 BTE_HITS_V07 main PCB top and bottom copper ......................... 43 
Appendix Figure 8 Microcontroller and JTAG connection of BTE_HITS_V08 ............. 44 
Appendix Figure 9 Wireless module and power connection of BTE_HITS_V08 ........... 45 
Appendix Figure 10 Gyroscope, accelerometer and battery connection of 
BTE_HITS_V08 ............................................................................................................... 46 
Appendix Figure 11 BTE_HITS_V08 main PCB top layer copper ................................. 47 
Appendix Figure 12 BTE_HITS_V08 main PCB bottom layer copper ........................... 47 








Author: Kwon, Soon Ho. MSECE 
Institution: Purdue University 
Degree Received: December 2016 
Title: Improvement of a Biomechanical Telemetry System Hardware Platform. 
Major Professor: Thomas Talavage 
 
Traumatic brain injuries (TBI) while playing sports are a major concern for the general 
public today. Recently, studies have shown that repetitive subconcussive hits can lead to 
neurological disorders. In order to prevent the athletes from suffering traumatic brain 
injuries, many organizations related to contact based sports and the military employ 
commercialized head impact telemetry systems. However, a majority of the 
commercialized systems is event based which only collects the linear acceleration that 
exceeds a certain threshold. To accurately record and utilize the data from the impact 
telemetry system, it is necessary to record all the linear and angular acceleration over time 
to analyze the relationship between the two data sets. Thus, the Purdue Neurotrauma Group 
(PNG) members have developed a biomechanical telemetry system for collecting continual 
data from the accelerometer and gyroscope. PNG’s system is not only capable of storing 
and monitoring events that exceed a certain threshold, but also capable of storing real-time 
data that may not meet a given threshold.  
   This study is focused on improving the hardware platform of the existing PNG’s 
telemetry systems. The objective of this study is to develop a small and low power 
operational biomechanical telemetry system. Limitations of the current project are 
discussed, along with possible future developments for the current system. 
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CHAPTER 1. INTRODUCTION 
Concussion and traumatic brain injury (TBIs) experienced by contact sport athletes have 
recently received considerable media attention [1]. From the National Football League 
(NFL) 2015 injury report, TBIs have increased 32 percent from 2014 to 2015 by highest 
reported concussion rate with more than 40 percent of retired NFL players having brain 
injuries. NFL representatives have publicly announced that there is a correlation between 
football and TBI [2]. In addition, recent studies show that repetitive concussion causes 
long-term neurological disorders [1], [3-5]. 
Traumatic brain injury is defined as “mild” (mTBI) when the symptoms such as 
headaches, emotional disturbances, and memory loss lasts under 30 minutes. Today, 1.6 to 
3.8 million sports and recreation related concussions occur and 10 percent of all contact 
sport athletes sustain mTBIs each year in the United States. In addition, many mTBI 
symptoms are not shown at the time of initial injury and 15 percent of people who 
experienced mTBI have symptoms that last for a year or more [3].  
Recent reports and extensive studies have shown that repetitive subconcussive events 
might lead to chronic traumatic encephalopathy (CTE) [4]. Since football athletes can 
experience hundreds of subconcussive events, it is crucial to collect and analyze the head 
impact data to prevent the athletes from suffering CTE. The Purdue Neurotrauma Group 
(PNG) has been conducting studies by examining neurological performance and health in 
the presence of head collision event in high school football players, using the head impact 
telemetry (HIT™) system, cognitive testing (ImPACT™) and functional magnetic 
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resonance imaging (fMRI). From this study, it was found that some players with no 
clinically-observed symptoms associated with concussion showed cognitive and 
neurophysiological impairments. These impairments were commonly associated with 
significantly higher numbers of head collision events to the top-front of the head, and such 
results suggest that many players can suffer from neurological injuries without being 
clinically diagnosed [3]. This study suggests that repetitive subconcussive hits to the head 
are related to pathologically altered neurophysiology [4]. 
The PNG has suggested that it is crucial to monitor head impacts to identify high risk 
events and alert the athletes to prevent subsequent impacts that may cause brain injury, due 
to impact [5-6]. 
Based on the data collected from the existing impact telemetry systems, it has been 
demonstrated that football players experience mTBI from a wide range of impact 
magnitudes and locations. In addition, other correlated factors such as the frequency of the 
subconcussive impacts and the number of previous concussions support the argument that 
a singular threshold for risk of concussive injury should not be set [7]. Traditionally, studies 
involved in detecting head impact telemetry have focused on linear acceleration, as the 
majority of the commercialized systems only measure this form of acceleration. There 
currently is no safety standard in the United States that takes rotational acceleration into 
account, although many studies have shown clear evidence that rotational acceleration is 
related to brain injury [6]. While some commercialized systems state that their devices 
have the ability to measure rotational acceleration, it is computed from multiple linear 
accelerometers. Therefore, the PNG members have designed a biomechanical telemetry 
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system that consists of both linear accelerometers and a gyroscope to quantify both linear 
and rotational acceleration. 
Previous PNG members have developed six versions directed at a behind the ear (BTE) 
head impact telemetry system, currently installed inside the helmet padding. The most 
recent version of this system, BTE_HITS_V06, primarily consists of a microcontroller, 
two accelerometers, a gyroscope, wireless transceiver, microSD slot, USB port, and a 
battery port. Although the final version of the PNG’s telemetry system had supplemented 
commercialized systems’ functions and fulfilled the basic requirements as an impact 
telemetry system, drawbacks still exist, leading to development of new versions in the 
scope of this project.  
Specific issues to be addressed included (1) introduction of a new gyroscope, to enhance 
sensitivity; (2) alterations to the process flow to increase convenience, including 
implementation of a wireless communication system; (3) modifications to the main board 
to enhance safety; and (4) a reduction in the size and power consumption of the system. 
    First, replacing a new gyroscope from PNG’s 6th system was suggested due to limited 
bandwidth, which affected sensitivity. Multiple hits to the helmet often occur over a small 
time frame; however, the previous gyroscope was not able accurately record all events, due 
to a low-pass filter on the output, resulting in reduced data bandwidth. Therefore, a 
gyroscope with a wider bandwidth that is capable of recording all the simultaneous 
sequential data was chosen and replaced, making the PNG’s 7th system, BTE_HITS_V07.  
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Second, initial testing conducted with PNG’s 7th system highlighted concerns regarding 
convenience. Accessibility of the data was difficult due to use of the microSD card as the 
storage device. Before use, the microSD card had to be formatted and a blank log file 
generated. After collecting data, the microSD card had to be retrieved from the helmet, and 
user interaction was required to launch a program to access the data. Therefore, the new 
biomechanical telemetry system, PNG’s 8th system, implemented a wireless function for 
transmitting real-time continuous impact data. Although PNG’s 6th system had a wireless 
module, it was only capable of receiving real-time clock by the base station [8]. By 
implementing wireless real-time impact data, the microSD card was eliminated to avoid 
the user having to go through a complex process to access data.  
Third, a safety issue became apparent regarding the battery in the existing PNG sensor. 
PNG’s 7th system’s design requirement was to use 3.7V with 400mAh or 1000mAh lithium 
ion battery as a power source [9]. However, according to the battery supplier, it is stated 
that they do not recommend using lithium ion batteries for wearable devices, instead 
recommending use of a coin cell battery [10-11]. Therefore, PNG’s 8th system replaced the 
lithium metal 3V 250mAh coin cell battery with a switched 20mm coin cell battery holder 
[12-13].  
Lastly, replacement of the microcontroller was suggested from MSP430F5659 to 
PIC16LF1567, to reduce the printed circuit board (PCB) size and power consumption. As 
a wearable device, the sensor has to operate for a long time to prevent the user from 
replacing the battery too often, and has to be able to fit under padding in across multiple 
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types of helmet design. As a result, the microcontroller was replaced with reduced size and 
lower power consumption.  
   The objective of this study was to improve the hardware platform of PNG’s existing 
biomechanical telemetry systems. The main objectives for improvements included 
reducing the size of the PCB, lower power consumption, a new gyroscope for sensitivity 













CHAPTER 2. CURRENT SENSOR DESIGN 
   In this chapter, PNG’s 6th impact telemetry system is specified. Topics discussed include 
composition of the PNG’s 6th system and an overview of theory of operation, and brief 
coverage of the intermediate 7th system is also provided. 
2.1 PNG’s 6th Impact Telemetry System 
   PNG’s 6th impact telemetry system, BTE_HITS_V06, mainly consists of a main board 
and a side board. The main board and side board are connected and ideally, the main board 
and the side board were intended to be positioned at a 90 degree angle around the head, for 
accurate acceleration measurement.  
   PNG’s 6th system’s theory of operation is (1) the microSD card has to be formatted and 
generate empty log files before use; (2) the microSD card and the battery have to be 
plugged in to the main board; (3) the system has to be turned on using the magnetic switch; 
(4) the system has to be installed inside the helmet. 
2.1.1 PNG’s 6th impact telemetry system’s main board 
   Fig. 2.1 shows the main board and the side board of PNG’s 6th system. The top layer of 
the main board mainly consists of a gyroscope, microcontroller, power circuitry, 
accelerometer and wireless module. The bottom layer of the main board mainly consists of 
a microSD card slot for the storage device. 




   The gyroscope in PNG’s 6th system is responsible for collecting angular acceleration 
experienced by the head. PNG’s 6th system used the gyroscope MPU-6000 (seen in Fig. 
2.1, block 1) from Invensense. The MPU-6000 has a maximum bandwidth of 256Hz with 
sensitivity of ±2000 degrees per second full scale.  
2.1.1.2 Microcontroller 
   A Texas Instruments’ MSP430F5659 (seen in Fig. 2.1, block 2) was used as the 
microcontroller for PNG’s 6th system. The microcontroller is responsible for receiving 
acceleration data from the gyroscope and two accelerometers, and transmitting the 
acceleration data to the microSD card. In addition, the microcontroller receives the real-
time clock and shutdown command from the wireless module.  
2.1.1.3 Power circuitry 
   The power circuitry mainly consists of the lithium ion battery port, voltage regulator and 
the magnetic switch system. The left hand side (seen in Fig. 2.1, block 3) consists of a 
lithium ion battery port that connects the 3.7V with 400mAh (or 1000mAh) lithium ion 
battery. The right hand side consists of voltage regulator circuitry and a magnetic switching 
system. 
2.1.1.4 Accelerometer 
   The accelerometer in PNG’s 6th system is responsible for collecting linear acceleration 
experienced by the head. PNG’s 6th system used the ADXL 377 (seen in Fig. 2.1, block 4) 
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from Analog Devices. The ADXL 377 is a 3-axis high-g (±200G) analog MEMS 
accelerometer.  
2.1.1.5 Wireless module 
   The wireless transceiver nRf24L01+ from Nordic Semiconductor and the SparkFun 
transceiver breakout from SparkFun Electronics were used. The wireless module (seen in 
Fig. 2.1, block 5) is capable of receiving real-time clock and shutdown command from the 
base station. 
 
Figure 2.1 BTE_HITS_V06 main board’s main subsystems 
2.1.2 PNG’s 6th impact telemetry system’s side board 
   As shown in Fig. 2.1 block 6, the side board is connected to the main board and mainly 
consists of an accelerometer to provide supplemental translational acceleration data with a 
z-axis at a 90 degree angle from that on the main board.  
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2.2 PNG’s 7th Impact Telemetry System 
   In PNG’s 7th system, the gyroscope (seen in Fig. 2.2) was replaced with an ITG-3701 
from Invensense to improve data stability. The main reason for replacing the gyroscope 
was due to the lack of ability to collect multiple hits that appear to occur simultaneous, 
relative to the previously low sampling rate. MPU-6000 had a maximum bandwidth of 
256Hz, with the reciprocal value of 3.90625ms [14]. In contact based sports, multiple hits 
can occur in a window of less than 1ms and as a result, a gyroscope with wider bandwidth 
was suggested.  Therefore, a new gyroscope with wider bandwidth and higher sensitivity 
was used in PNG’s 7th system.  
  The ITG-3701 from Invensense is a low power 3-axis MEMS gyroscope for high impact 
and high speed motion wearable applications in sports and concussion analysis. ITG-3701 
has a maximum bandwidth of 8800Hz with the reciprocal value of 0.11363ms. In addition, 
ITG-3701 enables more precise measurement by having ±4000 degrees per second full 
scale range, compared to ±2000 degrees per second full scale range from MPU-6000. ITG-
3701 operates between 1.71V and 3.6V, and supports 10,000G shock in operation [15-16]. 
 




CHAPTER 3. UPDATED SENSOR DESIGN – V08 
   In this chapter, improvement of the hardware platform of PNG’s new biomechanical 
telemetry system, BTE_HITS_V08, is specified. Topics discussed include hardware 
configuration, PCB design, and head impact telemetry system testing for analysis of 
accuracy. 
3.1 Hardware Configuration of a New Biomechanical Telemetry System 
   The new biomechanical telemetry system, PNG’s 8th system, was developed to reduce 
the size of the PCB, to operate at low power and to implement a wireless function for real-
time telemetry with a base station. Three main system/device replacements were made to 
improve on the hardware platform of PNG’s 6th system (V06) and an intermediate 7th 
system. 
3.1.1 Gyroscope 
   The gyroscope from PNG’s 7th system was retained for use in the 8th version. This 
gyroscope and the basis for its selection were discussed in Section 2.2. 
  
3.1.2  Wireless transceiver 
   The wireless transceiver used in PNG’s 6th system is preserved in the current version. 
The wireless transceiver nRf24L01+ from Nordic Semiconductor and the SparkFun 
transceiver breakout from SparkFun Electronics were used. The main reasons for selection 
were fast data rate, low power, strong signal given low profile, large contributor 
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community, computationally light, minimal signal interference, multiple node 
communication [8], [17]. The function of the wireless system is to transmit and receive 
data between the base station and PNG’s 8th system. A base station (seen in Fig. 3.1) 
interfaces with the wireless transceiver, which collects the acceleration data from the 
gyroscope and two accelerometers from PNG’s 8th system’s wireless transceiver. 
   The base station is connected to a laptop with a serial port function for the user to access 
real-time data and to store data. 
 
Figure 3.1 Base station of BTE_HITS_V08 
3.1.3 Battery 
   The magnetic switch system was eliminated due to a lack of effectiveness in practical 
application. During lab-based testing, it was found that the magnetic switch did not work 
properly when the sensor was placed inside the helmet padding. As a result, the sensor had 
to be retrieved from the helmet padding to be turned off. Therefore, the magnetic switch 
system, USB port and battery port were eliminated to avoid using unnecessary functions 
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which additionally require a lot of space on the PCB. Furthermore, the power source from 
PNG’s 6th system was a lithium ion battery, which is not recommended for wearable 
devices by the supplier [10-11]. Thus, the PNG’s 8th version of the sensor was implemented 
to use a lithium metal 3V 250mAh coin cell battery (shown in Fig. 3.2), with the switched 
20mm coin cell battery holder on the bottom layer of the PCB for both safety and reduction 
of PCB size [12-13]  
 
Figure 3.2 Comparison between 3.7V lithium battery and 3V coin cell battery 
3.1.4 Microcontroller  
   The microcontroller from PNG’s 6th system – the Texas Instruments MSP430F5659 – 
was replaced with a PIC16LF1567 from Microchip. Although the MSP430F5659 had more 
features, the PIC16LF1567 has sufficient features for the desired functions of the PNG’s 
8th system. The PIC16LF1567 is an ultra-low power consumption 40 pin device with an 8-
bit microcontroller having two 10-bit high-speed analog to digital converter (ADC) 
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channels and a dual master synchronous serial port (MSSP) with Serial peripheral interface 
(SPI).  
   Major reasons for changing the microcontroller were to improve power consumption and 
reduce size. Power consumption in the PIC16LF1567 is reduced by a factor of 400 from 
the MSP430F5659 in sleep mode, and approximately a factor of 9.2 lower in active mode 
[18-19]. As seen in Fig. 3.3, the PIC16LF1567 is also one-tenth the size of the 
MSP430F5659, which contributed to reduction of PCB size.  
 
Figure 3.3 Comparison between MSP430F5659 (left) and PIC16LF1567 (right) 
3.1.5 Accelerometer 
   Based on the study that PNG has been conducting with high school football players using 
commercialized head impact systems, athletes experience 200 to over 1800 hits to the head 
in a single season, with some impacts over 100Gs.  
   The resonant frequency of the head is approximately 900Hz and the average impact 
lasted under 10ms [20-21]. As a result, to record any ringing effects from impacts, a 
sampling frequency of approximately 2000Hz is required. The ADXL 377, 3-axis high-
g (±200G) analog MEMS accelerometer from Analog Devices satisfied PNG’s design 
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requirement. In addition, the ADXL 377 is small, having a 3mm x 3mm package, and 
operates at low power with 0.3mA [9], [22]. Due to the selected accelerometer’s capability 
of collecting data, small size and low power consumption, it has been used throughout 
every version of the PNG’s BTE_HITS.     
3.1.6 Voltage regulator 
   Due to the BTE_HITS systems’ small size and low-power requirements, a voltage 
regulator was necessary to regulate the voltage from the battery power supply to 3.0V. An 
LM3681 from TI – a 2Mhz, 600mA step-down DC-DC converter, which provides 350mA 
at 3.0V – was chosen and has been used since the early versions of the PNG’s BTE_HITS 
system [9], [23].  
3.1.7 Side board 
   The side board primarily consists of an accelerometer and board-to-board connector that 
connects to the main board, as seen in Fig. 3.4. The side board is intended to be placed 
behind the ear for supplementary linear acceleration measurement for calculating PTA in 




Figure 3.4 Main and side board of BTE_HITS_V08 
3.1.8 Board to board connector 
 The board to board connector connects the main board and the side board. An ultra-fine-
pitch connector/receptacle DIP connector with the 0.025” pitch ribbon cable has been used 
[9]. 
3.1.9 JTAG connector and debugger 
   A new JTAG connector and a debugger were needed to program the new micro- 
controller (see Section 3.1.4). The PICkit™ 3 In-Circuit Debugger was selected since it 
was the recommended product for the PIC16LF1567 microcontroller. The advantages of 
the debugger include 3.0V operational, comes with enclosed packaging, and diagnostic 
LEDs for power, busy and error notifications [24].   
   The connector chosen was the TC2030-MCP-NL 6-Pin No-Legs Cable with RJ12 
Modular Plug from Tag-Connect. The connector met the requirements of being small and 
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having gold plated pogo pins that enable connection while preventing mechanical stress on 
the PCB [9], [25].  
3.2 PCB Design of a New Biomechanical Telemetry System  
   A new PCB for the PNG’s biomechanical telemetry system was designed in this study. 
To improve sensitivity of the sensor and operate at lower power, PNG’s 8th system 
implemented a new gyroscope and a microcontroller. USB port, battery port and magnetic 
switch system were eliminated and a new power supply was implemented to reduce PCB 
size.   
3.2.1 Specification of PCB design 
   Size, data accessibility, and safety aspects were improved in PNG’s new biomechanical 
telemetry system, PNG’s 8th system. PNG’s 6th system used a microSD card as a storage 
device and 3.7V with 400mAh or 1000mAh lithium ion battery as a power source. 
However, retrieving data from the microSD card that was installed in the football player’s 
helmet was user-unfriendly and the lithium ion battery was not recommended for wearable 
devices. As a result, by collecting real-time data from the wireless transceiver through the 
base station, the microSD card was eliminated. The power source has been changed to 
lithium metal 3V 250mAh coin cell battery with the switched 20mm coin cell battery 
holder placed at the bottom layer of the PCB [12-13]. Furthermore, the microcontroller has 
been replaced from MSP430F5659 to PIC16LF1567 to reduce the size of the PCB and 
power consumption.  
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   As seen in Fig. 3.5, the main board consists of a microcontroller, accelerometer, 
gyroscope, switched battery holder, power management circuitry, wireless transceiver, side 
connector, JTAG connector and a debug bridge. Side board consists of accelerometer, 
power management circuitry and side connector as shown in Fig. 3.6. The same side board 
PCB design for BTE_HITS_V03 has been used [9]. 
 
Figure 3.5 BTE_HITS_V08 – main board 
 
 
Figure 3.6 BTE_HITS_V07 – side board 
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3.3 PCB Design of PNG’s 8th Impact Telemetry System 
   The PNG’s 8th system’s PCB size was reduced by 48% from that of the 6th system. Fig. 
3.7 and Fig. 3.8 show the changes in length (81.5mm to 49.8mm) and width (33.88mm to 
26.6mm) from PNG’s intermediate 7th system. Figure 3.9 shows the comparison between 
the complete design of PNG’s 8th system and PNG’s 7th system. 
 
Figure 3.7 PCB dimension of BTE_HITS_V07 in mm 
 

























CHAPTER 4. TELEMETRY SYSTEM TESTING 
4.1 Head Impact Telemetry System Testing 
   To analyze the accuracy of the PNG’s 8th system, testing equipment were verified and 
two main tests were conducted. The first test was done in Human Injury Research and 
Regenerative Technologies (HIRRT) lab using the HYBRID III from Humanetics 
Innovative Solutions and an impulse hammer from PCB Piezotronics [26-27]. The 
HYBRID III consists of three accelerometers inside the dummy head, with tri-axial array 
that measures both linear and angular acceleration. The impulse hammer has a sensitivity 
of 1 mV/lbf and measurement range of ±5000 lbf pk. As impacts from the impulse hammer 
were made to the HYBRID III, the PTA (in units of g, where 1 g corresponds to 9.8 m/s2) 
and the force made from the impulse hammer (in lbf) were displayed on the computer. The 
PTA value from the HYBRID III was the objective standard for PNG’s 8th system’s PTA 
value. 
   This test was divided into two sections by hitting the HYBRID III with and without the 
helmet using the impulse hammer. Both tests were conducted by hitting 100 consecutive 
hits with low, medium and high sequence impacts at a marked spot.  
   The second test, the drop tower test, was done in the HIRRT lab. The dummy head was 
attached to the frame, which was attached to the hook on the crane. The packaged PNG’s 
8th system was installed between the helmet padding and the inner surface of the helmet. 
When the hook was unlocked, the dummy head falls onto the Modular Elastomer 
Programmer (MEP) testing pad. A total of 10 drops from 50cm were made.   
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   In this study, PNG’s 8th system’s data retrieval is made using two wireless transceivers 
that are located in both PNG’s 8th system and the base station. Data collection is conducted 
by the base station by retrieving the real-time acceleration data from PNG’s 8th system. 
4.1.1 Testing equipment 
Before testing the PNG’s 8th system, the testing equipment was verified. As shown in 
Fig. 4.1, the HYBRID III headform and the impulse hammer were tested.  
This test was conducted by making 100 consecutive hits on a marked spot on the 
HYBRID III headform with the impulse hammer. The consecutive hits consisted of low, 
medium and high sequential impacts. 
Fig. 4.2 documents the linear relationship between the two pieces of testing 
equipment obtained during verification. This plot was generated by using the impulse 
hammer as input and HYBRID III headform as output. The coefficient of determination, 
R squared value, was 0.9946. As a result, HYBRID III headform was used as the 





Figure 4.1 Impulse hammer and HYBRID III headform 
 
Figure 4.2 Correlation between HYBRID III and impulse hammer 
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4.1.2 BTE_HITS_V08 testing  
   As above, testing was done in the HIRRT lab using the impact hammer to strike a marked 
spot on the HYBRID III headform while the PNG’s 8th system was mounted to the 
HYBRID III headform. PTA values from the HYBRID III headform were compared with 
those computed from the accelerations recorded by the PNG’s 8th system. As shown in 
Equation. 4.1, for the PNG system, the PTA value was calculated using translational 
acceleration (a), angular acceleration (α), displacement between BTE_HITS_V08 and the 
center of mass of HYBRID III headform (r), and the angular velocity (ω): 
                                  (4.1) 
4.1.2.1 BTE_HITS_V08 testing using HYBRID III headform without helmet 
   For this test, PNG’s 8th system’s main board was attached on the back of the HYBRID 
III headform and side board was attached behind the right ear with 10cm and 7cm apart 
from the center of mass respectively (see Fig. 4.3). Both main and side boards were 
attached using skin adhesive tape. This test was conducted by hitting 100 consecutive hits 
on a marked spot on the HYBRID III headform without the helmet using the impulse 
hammer. All consecutive hits consist of low, medium and high sequential impacts. Fig. 4.1 





Figure 4.3 Attachment of BTE_HITS_V08 to HYBRID III headform 
4.1.2.2 BTE_HITS_V08 testing using HYBRID III headform with helmet 
   For this test, PNG’s 8th system was packaged between two silicon pads to prevent damage 
to the sensors (Fig. 4.4, bottom row). The packaged sensor was installed between the 
padding of the helmet and the inner surface of the helmet (Fig. 4.4, top right). The sensor 
inside the helmet was 12cm apart from the center of mass of HYBRID III headform. As 
shown in Fig. 4.4 (top left), this test was conducted using the impulse hammer with 100 
consecutive hits on a marked spot on the HYBRID III headform with the helmet on. All 




Figure 4.4 BTE_HITS_V08 packaging and HYBRID III headform impulse hammer test   
with helmet on 
4.1.3 BTE_HITS_V08 testing using drop tower with helmet 
   As seen in Fig. 4.5, a dummy head is attached to the frame, which is attached to the hook 
on the crane. The packaged sensor was installed between the helmet padding and the inner 
surface of the helmet, as in Section 4.1.2.2. After the helmet was put on to the dummy head, 
the frame was raised until the distance between the part of the helmet facing the MEP and 
the black surface of the MEP was 50cm. As the hook was unlocked, the dummy head fell 




Figure 4.5 Drop tower frame attached to the dummy head with helmet on 
4.2 Head Impact Telemetry System Evaluation 
   Results show that PNG’s 8th system provides accurate results when it is attached to the 
HYBRID III headform, but does not currently work well when installed between the helmet 
padding and the inner surface of the helmet.  
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4.2.1 BTE_HITS_V08 testing using HYBRID III headform without helmet 
   Results of testing of the sensor placed on the headform without a helmet are shown in 
Fig. 4.6. Except for a few hits that are below the regression line, the results of this test were 
as expected. The slope of the regression line between HYBRID III headform and PNG’s 
8th system was 1.0188 and the y-axis intersection was 9.089. The results show that PTA in 
g between HYBRID III headform and PNG’s 8th system are quite similar. The R squared 
value, coefficient of determination, was 0.6628 which indicates that the majority of the 
variation in the computed PTA values is due to the variation in the incident blows.  
   One key observation is that some of the hits that are below the regression line are likely 
to have resulted from an unstable power connection. In some strong impacts to the 
HYBRID III headform, the coin cell battery was slightly released from the battery holder. 
Due to the resulting unstable power connection, the wireless transceiver was not able to 
transmit the full impact data, and some peak values may have been lost. Although the coin 
cell battery holder was recommended for wearable devices, it does not appear to be 






Figure 4.6 PTA (g) comparison between HYBRID III headform and BTE_HITS_V08 
without helmet 
4.2.2 BTE_HITS_V08 testing using HYBRID III headform with helmet 
   Results of testing of the sensor placed on the headform with a helmet in place are shown 
in Fig. 4.7. The slope of the regression line between HYBRID III headform and PNG’s 8th 
system was 1.3198 and the y-axis intersection was 136.6. The result of this test was 
unexpectedly poor. Here, the R squared value, coefficient of determination, was 0.057 
which indicates almost no correlation between the reference model and the values 
computed from the sensor. In fact, PTA values computed from the sensor were 
approximately 10 times too large.  
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   Two main reasons are proposed for the discrepancy in PTA values. A minor issue was 
likely the continued battery problem noted above (Section 4.2.1). However, the primary 
problem appears to have been the placement of sensors. First, because the helmet absorbed 
some of the impact, HYBRID III headform experienced lesser acceleration than the helmet-
mounted sensor system. Second, inconsistency in location between the sensor and the 
center of mass of the HYBRID III headform – brought about by relative motion of the 
helmet and sensors – likely enhances the discrepancy in PTA. Location and stability of the 
sensor are critical when calculating PTA in g in accordance with center of mass with linear 
and angular acceleration. During impact, the sensors installed inside or attached to the 
helmet moved along with the helmet, which caused major discrepancy in angular 
acceleration data and distance from the center of mass of the HYBRID III headform. From 
this poor result, it is strongly recommended that the sensory system be reduced in size and 




Figure 4.7 PTA (g) comparison between HYBRID III headform and BTE_HITS_V08 with 
helmet 
4.2.3 BTE_HITS_V08 testing using drop tower with helmet  
   Results of drop testing of the sensor placed on a dummy headform are shown in Fig. 4.8. 
The average acceleration for the first impact among 10 drops was 73.564G, which was 
close to the expected value. The PTA values in 10 drops can be analyzed as repeatable with 
the lowest hit 65.9G and the highest with 83.27G. The discrepancy of PTA in each drop 
was likely caused by the placement of the sensor, since PNG’s 8th system was installed 


















CHAPTER 5. DISCUSSION AND CONCLUSION 
5.1 Hardware Configuration of a New Biomechanical Telemetry System  
   Analysis of power consumption and cost of manufacture were made for PNG’s 8th system. 
The manufacturing cost for one sensor was $58.72.  
5.1.1  Power consumption analysis 
   A comparison of the component-wise and total power consumption between PNG’s 7th 
system and PNG’s 8th system is shown in table 5.1 and table 5.2. Total power consumption 
of the system was reduced by more than 44%, from almost 60mW to just over 33mW. 
While the majority of the components operate with ultra-low power, the wireless 
transceiver in transmit mode consumed 51 % of the total power, serving as the primary 
component of concern for battery life considerations. Theoretically, the expected battery 
life of the system is over 22 hours, but the expected battery life will reduce to 18 to 20 
hours in real applications. Improvement in battery is needed to enhance user-friendly 
operation, because the user has to replace the battery after approximately 20 hours of usage 
– corresponding roughly to once per week from past PNG experience.  
5.1.2 Cost analysis 
   A comparison of the cost of manufacture between PNG’s 7th system and PNG’s 8th 
system is shown in tables 5.3 and 5.4. The total cost of one PNG’s 8th system sensor is 
approximately $49. This is approximately $20 cheaper than for PNG’s 7th system.  This 
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total system manufacturing cost can be reduced by bulk purchase of components and 
mass-ordered PCB fabrication.    











Texas Instruments  
MSP430F5659 
5.00  3.00 15.00 
Analog Devices 
ADXL377 (x2) 
0.30  3.00 1.80 
Invensense  
MPU-6000 








11.3  3.00 16.95 
Micro SD card  
(active write) 
80.00  3.00 12.00 
Micro SD card  
(standby) 
2.00  3.00 0.30 
Heartbeat LED  
(0.1s each second) 
10.00  3.00 3.00 
  Total Power Consumption (mW) 59.889 
  Voltage supplied by battery (V) 3.7 
  Current drawn from battery (mA) 16.18 

















 0.48   3.00 1.44 
Analog Devices 
ADXL377 (x2) 
0.30  3.00 1.80 
Invensense  
ITG-3701 








11.3  3.00 16.95 
Heartbeat LED  
(0.1s each second) 
10.00  3.00 3.00 
  Total Power Consumption (mW) 33.129 
  Voltage supplied by battery (V) 3.0 
  Current drawn from battery (mA) 11.043 









Table 5.3 Cost analysis of BTE_HITS_V07 
 
Major component Cost ($) 
Texas Instruments MSP430F5659 6.18 
Analog Devices ADXL377 (x2) 11.62 
Invensense MPU-6000 5.08 
Nordic Semiconductor nRF24L01+ 3.53 
Linx Technologies 2.45 GHz Chip antenna 1.42 
8GB micro SD card 5.38 
Battery Pack 11.95 
Maxim MAX1874 2.13 
Misc Passive Components 12.10 
Total component costs: 59.39 
PCB Fabrication costs: 10.25 













Table 5.4 Cost analysis of BTE_HITS_V08 
 
Major component Cost ($) 
Microchip PIC16LF1567 1.35 
Analog Devices ADXL377 (x2) 11.62 
Invensense ITG-3701 7.91 
Nordic Semiconductor nRF24L01+ 3.53 
Linx Technologies 2.45 GHz Chip antenna 1.42 
Battery holder 3.95 
Battery 
1.94 
Misc Passive Components 7.45 
Total component costs: 39.17 
PCB fabrication costs: 10.25 
Total device cost: 49.42 
 
5.2 Summary 
   A new version of the PNG’s biomechanical telemetry system was made to improve 
PNG’s existing biomechanical telemetry system in order to monitor head impacts to 
identify and alert high risk events to the athletes to prevent subsequent impacts that may 
cause brain injuries. In this study, improvements of the biomechanical telemetry system 
for collision based sports athletes to measure linear and angular acceleration have been 
made. Small and low power operational biomechanical telemetry system, PNG’s 8th system, 
was designed. It is anticipated that the new biomechanical telemetry system will contribute 
to PNG’s long term mTBI study. 
37 
 
   Lower power consumption of the new biomechanical telemetry system was achieved. 
Total power consumption in PNG’s 8th system has reduced by over 44% compared to 
PNG’s 7th system. Furthermore, PNG’s 8th system’s PCB is less than half the size of PNG’s 
7th system’s PCB. The improvement in size is critical for wearable devices for easier 
placement to the head or to the helmet. Finally, impact testing results show that PNG’s 8th 
system provides more accurate results when it is attached to the head rather than installed 
inside the helmet. Most of the test results without the helmet were close to expected results. 
However, the test results with the helmet generated serious errors due to the discrepancy 
in movement with the head and the helmet. 
5.3  Future Work 
Reducing the size of the PCB by utilizing 4-layer design and flexible PCBs is 
recommended for accurate acceleration measurement from impacts. Placement of the main 
board and the side board to the head using skin adhesive products is recommended.  
Replacing the power source to chargeable battery with USB port is recommended. By 
using a more stable connection through USB, unstable power connection when 
experiencing high impacts can be prevented. Furthermore, replacing the chip antenna 
which lacks the ability to penetrate the physical interference is recommended. 
With the improvements stated above, by reducing the PCB size and improving the 


























Appendix Figure 5 BTE_HITS_V07 main PCB top layer copper 
 
























Appendix Figure 11 BTE_HITS_V08 main PCB top layer copper 
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